Abstract To improve biocompatibility and corrosion resistance during the initial implantation stage, zincsubstituted hydroxyapatite (ZnHAp) coating was fabricated on pure titanium by the electrolytic deposition method. The morphology, microstructure and chemical composition of the coating were investigated by X-ray diffraction, scanning electron microscopy, energy-dispersive X-ray analysis and Fourier transform infrared spectroscopy. The prepared ZnHAp crystals were calcium deficient and were carbonated owing to the incorporation of some Zn 2? . This incorporation of Zn 2? into the HAp significantly reduced porosity and caused the coating to become noticeably denser. In addition, the Zn 2? ions were homogeneously distributed in the coating. The potentiodynamic polarisation test revealed that the ZnHAp-coated surface showed superior corrosion resistance over that of the HAp-coated surface and bare Ti. The in vitro bioactivity was evaluated in a simulated body fluid, which revealed that the ZnHAp coating can rapidly induce bone-like apatite formation of nuclear and growth features. In addition, the cell response tests showed that the MC3T3-E1 cells on the ZnHAp coating clearly enhanced the in vitro cytocompatibility of Ti compared with the same cells on HAp coating. ZnHAp coating was thus beneficial for improving biocompatibility.
Introduction
Metallic implants, such as medical grade titanium and its alloys, are gaining clear advantages for their favourable bioactivity and outstanding mechanical properties. Metallic implants are widely utilised in bone anchoring systems, such as dental and orthopaedic implants, and in osteosynthesis applications [1, 2] . Metallic implants are often coated with osteoconductive biomaterials to ensure their lasting clinical success [3] . Bioactive material coatings that employ hydroxyapatite (HAp) in metallic implants have numerous merits, including improved corrosion resistance of implant surfaces and enhanced osteoconductivity with the surrounding tissues [3] . Hence, HAp coatings on metallic implants have been widely investigated in recent years [3] [4] [5] . HAp, with the chemical formula Ca 10 (PO 4 ) 6 (OH) 2 , is hexagonal with a = 9.432 Å and c = 6.881 Å [4, 6] .
However, the low tensile strength, poor mechanical properties, comparatively slow biological interaction rates and high dissolution rate of HAp limit its application in the field of implant materials. Hence, the success rate of HApcoated implants must be improved [3] . An effective means of promoting osseointegration is to embellish the HAp chemically by doping with trace amounts of beneficial elements that exist in the human body [3, 7] . Bioapatites are generally non-stoichiometric. HAp involves some trace constituents, such as positive ions (Zn 2? , Mg 2? , Sr 2? , Na ? and K ? ) and negative ions (CO 3 2-, SO 3 2-and F -) [3, 8] , which influence its physical properties. The apatite structure has excellent flexibility in allowing substitutions. The introduction of trace amounts of ions into the HAp structure improves the quality of biomaterials in a physiological environment [8, 9] .
Zinc (Zn) ion is known as one of the most essential trace elements in the human body because Zn is critical to the biochemical processes of cells. Furthermore, bone and teeth are composed of trace quantities of Zn in the HAp structure [3, [8] [9] [10] [11] . Zn significantly contributes to cell growth and proliferation [12, 13] . Zn has a stimulatory function on osteoblast proliferation and stimulates cell proliferation through the synthesis dependency of various cell divisions, promotion-associated enzymes and hormones on Zn [14] [15] [16] . Furthermore, ZnHAp coating can improve the corrosion resistance and mechanical properties of both Ti and Ti alloys [9, 10] .
ZnHAp coatings that show remarkable bioactivities have reportedly been prepared with the use of a variety of methods. For example, Sun et al. [17] synthesised ZnHAp coatings through electrophoretic deposition. Several reports have shown that surface treatment methods, such as the electrolytic deposition (ED) method, laser cladding and hot spraying, can increase bioactivity while decreasing the corrosion rate of Ti in a simulated body fluid (SBF). ED is an ideal method for the deposition of ion-doped composite coatings [5, 7, 8, [18] [19] [20] [21] . This method has several advantages, such as simplicity of the preparation process, relatively low temperature requirement, capability to coat complex shapes and porous substrates, capability to form a uniform coating and short formation time [5, [22] [23] [24] [25] . Therefore, the ED method can appropriately be applied in the preparation of ZnHAp coating.
In this work, a Zn-modified HAp coating is produced on the surface of pure Ti through the ED method, and the microstructure, morphology and composition of the coating are studied. Subsequently, the in vitro bioactivity, cytocompatibility and anticorrosion property of the coated specimens are investigated.
Materials and methods

Electrodeposition of the ZnHAp coating
A pure titanium plate with 99.9 % (wt%) purity was used in this work. Samples with dimensions of 10 9 10 9 1 mm 3 were cut from the plate using a wire-cutting machine. All samples were ground by successively using SiC papers of different grits (280, 500, 800 and 1000). The samples were cleaned using anhydrous ethanol and deionized water in an ultrasonic cleaner, subjected to acid corrosion processing in a 20 % v/v of fluoric acid solution for about 25 s to eliminate the oxidised layer and then ultrasonically washed in anhydrous ethanol and deionised water in an ultrasonic cleaner. Finally, the polished and etched Ti plates were soaked in 50 mL of a 5 M NaOH aqueous solution, kept at 60°C for 24 h and then dried in a warm stream of air at 80°C for 1 h.
ED was performed using an electrochemical workstation (LK2005A, Tianjin, China). Figure 1 shows the schematic diagram of the electrochemical deposition system. A Ti plate pre-treated with NaOH solution was used as the working electrode, the reference electrode was made of saturated calomel electrode (SCE) and a platinum sheet was used as the auxiliary electrode. The ZnHAp coating was conducted in an electrolyte composed of 4.2 9 10 -2 M Ca(NO 3 ) 2 (analytical grade), 2.5 9 10 -2 M NH 4 H 2 PO 4 (analytical grade) and 5 9 10 -2 M Zn(NO 3 ) 2 (analytical grade). The parameter values were pH 4.4 ± 0.5, 0.9 mA cm -2 current density, 20 min and 65°C. After completing the coating, the samples were immersed in a solution of 1 M NaOH at 65°C for 2 h, washed in distilled water and then dried at 80°C for approximately 2 h in the oven. For comparison, the pure HAp coating and the bare Ti plate were designated as controls.
Coating characterisation
The surface of the coating was detected using a JEOL JSM-6490LV scanning electron microscope (SEM). Energydispersive X-ray analysis (EDS) (GENESIS 2000 XMS) was employed for the quantitative element analysis of O, P, Ca and Zn. The crystal structure of the coating was identified using a BEDE D1 SYSTEM X-ray diffraction (XRD) apparatus. The equipment was operated with Cu Ka radiation at 35 kV and 35 mA. Fourier transform infrared spectroscopy (FTIR NICOLET NEXUS 670) was applied to determine the molecular composition and structure of HAp and ZnHAp. The FTIR spectrum was recorded within a spectral range of 400-4000 cm -1 .
Evaluation of the corrosion behaviour
The SBF was prepared according to Kokubo's formula, as shown in Table 1 [26] . The pH of the SBF was adjusted to 7.4 with 1.0 mol/L of HCl and (CH 2 OH) 3 CNH 2 . The electrochemical polarisation of the samples in SBF solution at 37 ± 0.5°C was conducted using an electrochemical workstation, which was a standard three-electrode cell assembly with a working electrode (the sample), a saturate calomel electrode (SCE) and an auxiliary electrode (platinum sheet). The scan rate was 10 mV s -1 . The coated or bare Ti samples were designed as the working electrode, and the exposed area of the plates was 100 mm 2 . Etch pit studies by SEM on the surface of Ti substrate by scrapping off HAp and ZnHAp coatings after dipping in SBF could reveal whether there had been any corrosion or not. First, to remove the HAp and ZnHAp coatings to determine the corroded surface appearance of the Ti matrix, the samples were immersed in 200 g/L of chromium trioxide and 10 g/L of silver nitrate solution for 20 s. The as-cleaned samples were then rinsed in water and acetone and were then air-dried. Sample surfaces were characterised by SEM for investigation of in vitro corrosion.
In vitro bioactivity evaluation
Bioactive materials are known to form bone-like apatite on their surfaces in SBF [27, 28] . Various groups of samples with a surface area of 100 mm 2 were incubated in SBF solution at 37 ± 0.5°C. The immersion process lasted for 144 h, and SBF was replaced every 24 h. After immersion for 144 h, the samples were removed, cleaned using ultrapure water and then air-dried. SEM, EDS, FTIR and XRD techniques were employed to characterise the precipitation of the apatite deposits on the samples.
Cell adhesion and viability test
The cell responses to the ZnHAp coating were studied in terms of cell morphology and cell proliferation. MC3T3-E1 osteoblast-like cells were cultured in Dulbecco's modified Eagle's medium (DMEM, Sigma), supplemented with 1 % penicillin/streptomycin (GIBCO) and 10 % Foetal bovine serum (FBS, HyClone). The MC3T3-E1 cells were supplied by the West China School of Medicine. The medium was renewed every 48 h, and the cultures were maintained in a humid atmosphere with 5 % CO 2 at 37°C. All samples were thoroughly sterilised in an autoclave at 121°C and 0.1 MPa pressure for 30 min before the cell tests. The number of cells was determined by counting using a haemocytometer, and the cells subsequently were seeded on the samples at a density of 2 9 10 4 mL -1 . When the MC3T3-E1 cells were cultured for 24 h, the culture medium was carefully removed from the wells, and the specimens were rinsed with phosphate buffer saline (PBS pH 7.4). For the cell morphology observation, the MC3T3-E1 cells on the specimens were fixed with 2.5 % glutaraldehyde for 2 h at room temperature and then cleaned twice with PBS. Each specimen was dehydrated using graded ethanol, and the critical point was dried using liquid CO 2 . The treated specimens were sputter-covered with gold film before observation under SEM.
After 1, 3 and 5 days of co-incubation, the cells were incubated with a tetrazolium salt solution, 3-[4,5-dimethylthiazol-2-yl]-2 and 5-diphenyltetrazolium bromide (MTT) for 4 h at 37°C in a humidified 5 % CO 2 atmosphere. The MTT solution was then removed. Next, dimethylsulphoxide (DMSO) was added to each well. Cell viability was evaluated at 490 nm on a spectrophotometric microplate reader. The proliferation rate of the cells was quantified by measuring the optical density (OD).
Statistical analysis
For studies that examine cell viability, all data are recorded as the mean ± standard deviation of triplicate measurements. Significant differences were analysed via one-way analysis of variance (ANOVA) and then calculated by the Student-Newman-Keuls post hoc test. Statistical significance was defined as p \ 0.05.
Results and discussion
Characterisation of the layer pre-treated with NaOH solution Some authors have reported that after soaking in an alkaline solution (e.g., 5 M NaOH at 60°C for 24 h), a titanium oxide gel layer with Na ? ions was formed on the Ti surface [29, 30] . The XRD pattern (Fig. 2) reveals that the major crystalline phases of the layer were Na 2 TiO 3 (JCPDS No. 37-0345) and Na 2 Ti 9 O 19 (JCPDS No. 78-1590). The SEM results revealed that the sodium titanate layer was dense and uniform, with a flocculent amorphous morphology (Fig. 3a) . The EDS spectrum in Fig. 3b shows the presence of Ti, O and Na. The substrate was obviously Ti, while the low concentrations of O and Na were due to the surface contamination of sodium titanate [29] . The result was parallel to the XRD result. Generally, a thin surface layer of Na 2 TiO 3 and Na 2 Ti 9 O 19 was formed because of the NaOH pre-treatment process. In our previous works [21, 25] , the surface treatment prior to the formation of the HAp coating after soaking in NaOH improved the coating adhesion to the substrate. In addition, the NaOH treatment significantly improved the osseointegration of the electrochemically prepared HAp on the Ti substrate and enhanced the bond strength of the bone to uncover Ti rods in a rabbit femur [31] .
Characterisation of the ZnHAp coating
The synthetic ZnHAP coatings were analysed via XRD to determine the crystal phase. Based on Fig. 4a , HAp diffraction peaks were observed in both samples according to the HAp standards (JCPDS No. 09-0432). In addition, no other peaks, such as dicalcium, were detected in the patterns. After immersion for 2 h in the appropriate hot alkaline, the main apatite of the coatings transformed into the pure HAp phase [32] . The position of the ZnHAp peak was found to have shifted slightly to higher angles from the standard XRD patterns of the HAp (Fig. 4b) . Zn 2? has an ionic radius of 74 pm, which is smaller than that of Ca 2? ions, that is, 100 pm [33] . Therefore, the substitution of Ca 2? by Zn 2? ions leads to a contraction of the HAp cell parameters [7, 34] . The shift of the XRD peaks with respect to the Zn-free HAp (JCPDS No. 09-0432) supports the Zn substitution in the obtained coatings [7, 35] .
The FTIR spectra of the obtained ZnHAp coatings are shown in Fig. 5 . As shown in Fig. 5 , typical characteristic structural bands of apatite were observed in both HAp and ZnHAp coatings [36] . The bands at 1650 and 3450 cm -1 corresponded to the adsorbed H 2 O; the absorption bands at 1100, 1040, 600 and 552 cm -1 represented PO 4 3-; the peak at 3582 cm -1 depicted -OH [7] ; the doublet at 1472 and 1430 cm -1 , and the peak at 880 cm -1 could be attributed to carbonate ions [37] , indicating that both coatings were carbonated HAp. The carbonate ions may emanate from CO 2 in the air, dissolve in the electrolyte solution and then would be involved in the HAp. Based on the composition analysis, bioapatites were always carbonated. The carbonated HAp that showed a deficiency in the calcium group in the HAp structure was more attractive for bone replacement material, owing to the faster dissolution in biological tissues of this material [38, 39] . The FTIR Fig. 2 XRD pattern of the surface of the NaOH-treated Ti Fig. 3 a SEM micrographs and b EDS elemental spectrum of the NaOH-treated Ti spectra of the ZnHAp (Fig. 5b) were similar to those reported for the HAp [36] . These spectra showed the characteristic peaks of the HAp. The shapes and intensities of the peaks did not change much in all the samples, which indicated that no structural modification of the HAp from the Zn substitution was observed. This observation well agreed with the results that were presented by Sun et al. [17] in 2014, whose FTIR examination of the ZnHAp did not confirm the considerable change in the structure of pure HAp. Figure 6 shows the SEM photomicrographs of the prepared coatings, in which incorporating Zn 2? ions markedly increased the density, i.e., a relatively low porosity than the HAp coating. The average crystallite size that was calculated using the XRD data was about 31 and 22 nm for the HAp and ZnHAp coatings, respectively. The ZnHAp coating was smoother and denser, and the ZnHAp had a smaller crystal size than the HAP (Fig. 6 ). It revealed a slight decrease in the unit cell volume, resulting from the Zn partial substitution, compared with the pure HAp coatings [4, 40] . The incorporation of Zn into the electrolyte restrained the nucleation and growth. This finding was related to the lower affinity of Zn with O when compared with Ca, owing to the lower Zn electronegativity difference, which enhanced the energy barrier for nucleation and growth [4] . The result was parallel with the findings of Sun et al. [17] . According to the cross-sectional morphology of the obtained coating that is represented in Fig. 7 , both the HAp and ZnHAp layers were uniform without cracking at the interface. The thickness of the ZnHAp was about 7 lm, which was nearly two times lower than the HAp coating. Accordingly, the coating was suggested to be sufficient for bone deposition [41] . Figure 8 shows the mapping of the elements on the ZnHAp coating surface. The ZnHAp coating was predominantly composed of Zn, Ca, O and P. Evidently, the coating maintained a uniform and evenly distributed Zn across the entire surface.
The EDS spectra of the HAp and ZnHAp coatings showed Zn, O, P, Ca and Ti peaks which revealed the presence and proportion of these elements in the coatings, as shown in Fig. 9 . Figure 9a shows the presence of HAp components on the substrate. Notably, the Ca/P ratio was around 1.29, which was lower than the mole ratios of Ca to P of the stoichiometric HAp, that is, 1.67. As for the ZnHAp coating (Fig. 9b) , the Ti peaks belonged to the Ti substrate, and the Ca, P, O and Zn peaks demonstrated the consisting elements of the obtained ZnHAp coating. The Ca/P and Zn/P molar ratios of the compounds were 1.30 and 0.053, respectively. The results suggested that a few of the Zn that was incorporated into the HAp and ZnHAp were Ca-deficient. Some studies showed that Ca-deficient apatite could be more conducive to prompt the formation of new bones in vivo [7] . The Zn substitution degree for the ZnHAp was about 1.33 wt% according to the EDS results (Fig. 9b) . The XRD, FTIR, EDS and SEM study results confirmed the ZnHAp coating formation.
Coating formation mechanisms
The ED mechanism involved several electrochemical and chemical reactions. Initially, the chemical formation of the Na 2 Ti 9 O 19 and Na 2 TiO 3 layers from the NaOH aqueous solution may be summarised as follows [42, 43] : 
The alkali treatment generated negatively charged Ti-O groups that interacted with positively charged Ca 2? and Zn 2? ions, which in turn attracted HPO 4 2-ions from the electrolyte to form the calcium-phosphate coating.
Simultaneously, the formation process of the ZnHAp layer may involve several reactions, such as the acid-base, electrochemical, chemical, precipitation and crystallisation process reactions [21] .
After loading on the voltage, the OH -that was derived from the reactions around the Na 2 TiO 3 coating surface can be expressed as follows:
Reactions (5), (6) and (7) resulted in a localised pH jump near the cathode, which led to the following possible chemical reactions: 
Corrosion behaviour evaluation
Corrosion resistance was one of the most important problems of Ti as an implant material in vivo. Therefore, the corrosion resistance of the HAp and ZnHAp coatings on Ti was further investigated [44] . Figure 10 illustrates the typical polarisation curves of the specimens (HAp and ZnHAp coatings) in the SBF at 37 ± 0.5°C, and the Ti substrate as the control specimen. The corrosion potential (E corr ) and the corrosion current density (i corr ) were extracted from the curves and were listed as the insets in Fig. 10 . The polarisation curves of the apatites (HAp and ZnHAp) that coated the Ti were shifted towards the higher potentials and lower current densities with respect to the uncoated Ti. The ZnHAp coating reduced the i corr more than the HAp-coated substrate, and served as an efficacious passive layer that efficiently reduced the active surface area. The breakdown potential of the ZnHAp coating was more than that of the HAp coating [9] . The results demonstrated that the ZnHAp structure that had Zn ions served as a protective layer, which inhibited the corrosion rate of the coated implant. As shown in Fig. 6 , the overall coating appeared denser and less porous, and prevented the solution from penetrating into the surface of substrate. Similar results were reported for Zn-substituted HAp [9, 45] . Notably, the inner layer (sodium titanate) may also be vital in improving the corrosion resistance of the Ti substrate. For the corrosion morphologies of the surface of the bare Ti and the Ti beneath the HAp coating, the ZnHAp coating is shown in Fig. 11 . Many deep corrosion pits were obviously distributed on the surface of the bare Ti (Fig. 11a, b) . However, no severe corrosion was observed on the Ti surface beneath the HAp coating, except for a few localised corrosion pits (Fig. 11c, d ). After the removal of the ZnHAp coating, the surface of the Ti was still quite glossy with no visible corrosion pits on the surface (Fig. 11e, f) . The observed results indicated that the coating that had zinc ions in the structure acted as a protective layer which inhibited the corrosion rate of the coated implant. This finding was further supported by the results from the study of Sutha et al. [9] .
In vitro bioactivity responses
One of the efficient parameters in researching on the biomaterial bioactivities was to study the precipitation behaviour of bone-like apatite in the SBF [27, 28] . Figure 12 shows the surface views of the as-deposited coatings after being soaked in the SBF for 144 h. In Fig. 12a, b , the surface of the HAp coating was completely covered by semi-spherical crystals of the apatite-like precipitations. The surface morphology of the HAp coating (Fig. 12a, b) was very different from that of the ZnHAp coating (Fig.  12c, d) , that the surface presented a snowflake appearance of apatite-like precipitations. This difference in the surface morphology could be caused by the existence of zinc in the ZnHAp coating, which decreased the bio-absorbability of phosphates in the SBF. The bioactivity process will occur at the material periphery through the releasing and adsorbing ions. Thus, different coatings show different morphologies of the precipitated apatites [27] . Figure 13 demonstrates the existence of different components of HAp and ZnHAp on the substrate. The EDS analysis (Fig. 13) confirmed the results that the specimens that were soaked in SBF had an average mole Ca/P ratio of about 1.43 compared with the initial specimens whose Ca/P ratio was [46] . Moreover, the new Mg, Na and Cl elements were detected in the spherical apatite (Fig. 13) . The FTIR spectra of the HAp-and ZnHAp-coated Ti plates that were soaked in the SBF for 144 h are shown in Fig. 14 . The FTIR spectra represented a similar characterisation, which indicated that the two samples contained some same functional groups after being soaked in the SBF. The FTIR spectra of the zinc-substituted HAp samples were very similar to that of the pure HAp. The spectra showed the characteristic bands of absorbed water, hydroxyl and phosphate species. The bands at around 1000 cm -1 were attributed to the phosphate groups. The peaks at around 1000 cm -1 represented the vibrational band of the phosphate groups. Generally, the observed bands well agreed with the literature [47] [48] [49] [50] [51] . In our case, bands v 2 and v 3 , which were associated with the asymmetric stretching, were situated at around 1000 cm -1 for the coatings. The intense bending and stretching mode peaks of the PO 4 3- groups appeared at 550, 600, 860, 1050 and 1100 cm -1 in the apatite lattice. Detecting the absorption peaks of the CO 3 2-group at 1425 and 1460 cm -1 replaced the phosphate groups, which were in the apatite crystal structure. To investigate the change of phase during the SBF immersion, the specimens were immersed in the SBF for 144 h. The XRD patterns of the HAp and ZnHAp coatings after being soaked in the SBF are presented in Fig. 15 . Typical apatite peaks were identified in all the patterns. The peaks at 31°that were much broader compared to those in Fig. 4 indicated the formation and precipitation of a poor crystalline HAp. Thus, these two peaks were highly asymmetric. However, the introduction of zinc ion in the HAp structure clearly reduced the crystalline peak intensity with a wider distribution. Based on this observation, the incorporation of zinc in the HAp structure clearly influenced the crystallinity degree. Thus, the XRD analysis indicated that the Zn substitution affected the crystal structure and the stability of the HAp, and produced an inhibitory effect on the HAp formation which reduced the crystallinity of the HAp.
The formation of the new apatite coating was confirmed by the results of the SEM, EDS, FTIR and XRD studies. Both the HAp-and ZnHAp-coated surfaces were covered with apatite precipitations. This finding revealed that they were extremely prone to inducing the precipitation of apatite and promoting matrix mineralisation. Generally, the aforementioned results indicate that ZnHAp coating can successfully induce apatite nucleation and growth on the Ti surface after being soaked in the SBF. The ZnHAp-covered Ti had a superior in vitro bioactivity. Figure 16 demonstrates the representative SEM morphology of the MC3T3-E1 osteoblasts that were adherent on the Ti substrate, and on the HAp and ZnHAp coatings after a 24 h incubation. The results indicated that the cells attached well onto all the samples and showed the typical osteoblast phenotypes. The cells had a dendritic appearance (Fig. 16a, b) , which suggested that the Ti was non-toxic to the cells. As shown in Fig. 16c -f, spindle cell bodies existed, which developed filopodia to anchor onto the HAp and ZnHAp substrates, and the cells that adhered onto the coatings had polygon configurations, which exhibited numerous filopodia and lamellipodia extensions. However, quantifying the validity of the osteoblast cell adhesion enhancement was very difficult. Thus, the cell proliferation tests were performed as shown below.
Cytocompatibility analysis
The cell viability on the samples after one, three and 5 days of incubation was evaluated through the MTT assay (Fig. 17) . The cell numbers did not show a notable difference between the ZnHAp and HAp coatings after being cultured for a day (p [ 0.05). All of these samples were able to promote cell proliferation as the number of viable cells on the samples increased with the culture time. These findings well agreed with the results obtained from the cell attachment (Fig. 16) . After 3 and 5 days of culture, the number of cells on the bare Ti was significantly lower (p \ 0.05) than those on the coated specimens, which revealed that the ZnHAp and HAp coatings had a higher cytocompatibility than the bare Ti. After 3 days of culture, the cell viability on the ZnHAp coating was slightly higher than that on the HAp coating, but without much difference (p [ 0.05). Furthermore, after 5 days of culture, the samples that were incorporated with Zn (ZnHAp) demonstrated a statistically significant increase in cellular viability compared with the HAp (p \ 0.05), which revealed a strong positive effect on the MC3T3-E1 cells because of the Zn. Moreover, many recent studies showed that Zn-doped HAp coating could release traces of Zn during the degeneration process, which was beneficial in enhancing the cell proliferation [15, [52] [53] [54] . Ito et al. [55] investigated that doping with Zn in certain amounts (between 0.6 and 1.2 wt%) in a tricalcium phosphate/HAp composite ceramic enhanced the proliferation of mouse osteoblast-like cells. Wang et al. [56] synthesised the ZnHAp coating on Ti rods, which revealed more notable increases in the fibroblast proliferation. The cell proliferation and adhesion were influenced by the surface properties of the biomaterial, including the surface roughness, wettability, morphology and chemistry [57] . Generally, a rough surface could stimulate osteoblast proliferation during the osteointegration process [58] . In this study, the SEM results demonstrated that the mean roughness of the control HAp layer was larger than that of the ZnHAp coating. However, after 5 days of cell culture, the ZnHAp coating revealed a superior cell viability than the control (Fig. 17) . This finding meant that the Zn release or the presence of Zn in the ZnHAp coating was even more important in promoting cell growth than roughness, because the Zn release could promote cell viability, and the presence of Zn may alter the surface potential to enhance the cell attachment. 
Conclusions
In this study, the ED technology was successfully employed for the synthesis of ZnHAp coating. The obtained coating had a better corrosion resistance and in vitro bioactivity than the HAp coating. The prepared coatings were completely crack-free and were uniform with few Zn incorporations. The addition of Zn 2? into the HAp significantly reduced the porosity, thus, the ZnHAp coating became much denser. The results revealed that the ZnHAp-coated Ti samples with a smooth topography and a lower corrosion current density led to a lower Ti corrosion rate, which was accompanied by an excellent bioactivity. The in vitro biotest revealed that the ZnHAp coating was more effective in improving the cytocompatibility of the Ti compared with the HAp coating. The results of the in vitro cellular biocompatibility tests, anticorrosion and bioactivity analysis suggested that the ZnHAp coating may be a promising material for manufacturing biomedical replacement materials, and further studying this in vivo degradation behaviour may be worthwhile.
